The aim of this study was to evaluate the shear bond strength of porcelain fusing to titanium and the effects of surface treatment on surface structure of titanium. In the shear bond strength test, titanium surface treatments were: conventional, silica-coating without bonding agent, and silica-coating with bonding agent. Titanium surface treatments for analysis by the atomic force microscope (AFM) were: polishing, alumina sandblasting and silica-coating. The shear bond strength value of silica-coating with bonding agent group showed significantly higher than that of other groups. In AFM observation results, regular foamy structure which is effective for wetting was only observed in silica-coating. Therefore, this structure might indicate silicon. Silica-coating renders forms a nanoscopic regular foamy structure, involved in superhydrophilicity, to titanium surface, which is markedly different from the irregular surface generated by alumina sandblasting.
INTRODUCTION
Nickel chromium and gold alloys have been used for porcelain firing. However, in light of issues such as metal allergies caused by nickel-chromium alloy 1) and soaring gold prices, titanium offers advantages such as high biocompatibility, corrosion resistance and low cost. It is also applied to a metal for porcelain firing and is clinically applied [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, titanium ceramic crowns have a lower bond strength than metal ceramic crowns containing conventional nickel-chromium or gold alloy [11] [12] [13] . This is explained by the fact that titanium has powerful affinity for oxygen at high temperature and forms a thick oxide layer on a titanium surface. An oxide layer formed at less than 800°C is very thin and adherent; it markedly thickens at more than 900°C 14) , forms a non-adherent oxide layer at 1,000°C and peels away from the titanium surface 14) . Therefore, an oxide layer with a thick titanium surface reduces the bond strength of titanium and porcelain. In addition, since the thermal expansion coefficient of titanium is lower than that of either conventional nickel-chromium or gold alloys, porcelains applied to these metals cannot be used 15, 16) . To compensate for these drawbacks, porcelains for low-temperature firing have been developed exclusively for use with titanium.
The melting points of conventional nickel-chromium and gold alloys are about 1,200°C, whereas that of titanium is 1,668°C 16) , which precludes casting 17) . Furthermore, the casting surface of titanium forms an α-case layer, which reduces the bond strength of porcelain 18, 19) . Therefore, titan coping fabricated by CAD/CAM, which does not form an α-case layer on the titanium surface, has recently been applied [2] [3] [4] [5] [6] .
Various surface treatments of titanium have been attempted to improve bond strength, such as nitriding 20) , peroxidation 21, 22) and chemical treatment 23, 24) . All of these include alumina sandblasting. In 1989, Guggenberger described tribochemical silica-coating (Rocatec ® , 3M ESPE, Seefeld, Germany) by sandblasting with silica-coated alumina powder to form a silicate layer on an adherent surface 25) . Kern et al. found that tribochemical silica-coating of a titanium surface improves adhesion 26, 27) . However, they did not reveal the nanostructure of the treated surface, or the bond strength and mechanisms of action of CAD/CAM pure titanium and porcelain.
The present study examines the effects of tribochemical silica-coating on the surface of CAD/CAM pure titanium and the bond strength of porcelain. Table 1 shows the materials used in this study.
MATERIALS AND METHODS
This study consists of two kinds of analyses, which are the bond strength test and the analysis of surface topography. The bond strength test was evaluated using shear bond strength measurement and analysis of fracture surface. The analysis of surface topography was examined by contact angle measurement and observation of treated surface.
Titanium specimen preparation
Thirty-seven test specimen (15×9×2 mm) were cut from a CAD/CAM pure titanium block (GN-1 TITANIUM BLOCK, GC, Tokyo, Japan) using a low-speed precision cutting machine (ISOMET ® , Buehler, Chicago, IL,
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Silica-coating was conducted with 110-µm silicacontaining alumina powder (Rocatec ® Plus, 3M ESPE). 3 Silica-coating with bonding agent group:
Following the treatment 2 , treatment 1 was conducted. Since sandblasting with alumina reduces the bond strengths of titanium and porcelain 29, 30) , alumina sandblasting before the application of a bonding agent was omitted in the conventional group. The bonding agent was fired using a firing furnace (Programat P100, Evoclar Vivadent, Tokyo, Japan) according to manufacturer's recommendation 28) (Table 2 ). Silicacoating was conducted using a sandblaster (Rocatec ® delta, 3M ESPE) for 15 s at a distance of 10 mm from the specimen at a pressure of 0.6 MPa.
(2) Porcelain application ( Fig. 1 ) Porcelain was applied to the titanium surface after preparation as described above and fired according to manufacturer's recommendation 28) (Table 2 ). Dentine porcelain was applied using a circular polyoxymethylene mold (diameter, 4.6 mm; height, 2.0 mm) and fired to prepare a porcelain specimen ( Fig. 1-a) .
The bonding area was formed as a circle with a diameter of 4.6 mm using a masking tape. After the application of opaque porcelain ( Fig. 1-b ), the porcelain specimens were mounted on it ( Fig. 1-c ). An excess part of the opaque porcelain was removed, followed by firing using a firing furnace ( Fig. 1-d ) according to manufacturer's recommendation. (Table 2 ). Subsequently, a specimen was fixed in an autopolymerizing resin ( Fig. 1-e ) (Ostron II, GC).
(3) Shear bond strength measurement A shear bond strength test was conducted using a universal testing machine (Autograph AGS 1000B, Shimadzu, Kyoto, Japan) at a crosshead speed of 1.0 mm/min. The results were subjected to one-way analysis of variance, followed by a Fisher's least significant difference (LSD) test (p<0.01) ( Fig. 1-f ). The number of specimens was prepared by reference to standard ISO10477 31) .
2) Analysis of fracture surface After the shear bond strength test, five specimens each were randomly selected from the conventional and silica-coating with bonding agent groups. The La and Si mapping and Back Scattered Composition image (BSE image) of the fracture surface were observed with an electron probe microanalyzer (EPMA; EPMA8705, Shimadzu). Measurement parameters were set as follows: accelerating voltage, 20 kV; beam current, 2 nA; and measurement time, 0.01 s.
As a result of EPMA analysis, cohesive failure ratios and Si and La element-undetected areas in the bonding areas of each group were determined using NIH Image J software 32) . The results were analyzed using a Student's t-test (p<0.01).
The analysis of surface topography 1) Contact angle measurement
Five titanium test preparations each were sandblasted with alumina (1) or coated with Si (2) as follows.
(1) Alumina sandblasting group: Alumina powder (110 µm, Rocatec ® Pre, 3M ESPE) was injected using a sandblaster (Rocatec ® delta, 3M ESPE) for 15 s at a distance of 10 mm from the specimen with a pressure of 0.6 MPa. (2) Silica-coating group: Silica-coating was conducted in the same manner as the titanium surface treatment in the shear bond strength test. Contact angles were measured with distilled water using an automatic dynamic contact analyzer (DCA-VZ, Kyowa Interface Science, Saitama, Japan). Each specimen was measured three times at room temperature. The contact angles were calculated using software (FAMAS, Kyowa Interface Science). The results were analyzed using a Student's t-test (p<0.01).
2) Observation of treated surface
Each titanium test specimen was subjected to surface treatment as described below, and the titanium surfaces were observed using an Atomic Force Microscope (AFM; SPI3800n, Seiko Instruments, Chiba, Japan).
(1) Polishing: The titanium surfaces were polished under running water using #600 waterproof abrasive papers. (2) Alumina sandblasting: Alumina sandblasting was conducted in the same manner as the treatment for titanium surface roughness. (3) Silica-coating: Silica-coating was conducted in the same manner as the titanium surface treatment in the shear bond strength test.
RESULTS
The results of shear bond strength measurement showed significantly higher bond strengths in the conventional (22.1±3.1 MPa) and silica-coating with bonding agent (26.0±2.8 MPa) groups than in the silica-coating without bonding agent group (16.6±1.0 MPa) (Fig. 2) . Bond strength was significantly higher for the silica-coating with bonding agent group than for the conventional The results of cohesive failure ratios are shown in Table 3 . Silica-coating with bonding agent group (67.4±13.6%) was significantly higher than the conventional group (43.3±15.3%) (p<0.01).
The conventional group (27.3±15.3%) was significantly higher ratios of regions without Si or La in the bonding areas than silica-coating with bonding agent group (8.9±6.6%) (p<0.01) ( Table 4 ).
The results of contact angles are summarized in Table 5 . The silica-coating group (3.4±0.4°) was smaller than alumina sandblasting group (10.6±0.3°) (p<0.01).
The results of observation of treated surface are shown in Fig. 4 .
The specimens shown in Figs. 4- 
DISCUSSION
In generally, there is a three-point bending test (ISO 9693) as a major test of the bond strength of porcelain fused to the metal 33) . However, Gilbert et al. used the shear bond strength test and three-point bending test to evaluate the bond strength of titanium and porcelain, and reported that the variation of the shear bond strength test was smaller than that of the three-point bending test 30) . Therefore, the bond strength at the interface between titanium and porcelain was evaluated using the shear bond strength test in this study.
The porcelain specimens of the same size were fired, which were mounted on titanium specimens. These procedures enabled to stabilize mechanical properties of dentin porcelain. In addition, the bonding area could be standardized because an excess part of the opaque porcelain was removed easily. Thus, the porcelain application procedure might reduce variation in this study.
Sandblasting is a simple method of mechanically interlocking a titanium surface with porcelain. Larger alumina particles lead to a rougher the titanium surface, which promotes the mechanical interlocking 34) . Golebiowski et al. reported that 110-µm alumina particles are optimal for improving the bond strength of titanium and porcelain 35) . However, Derand et al.
reported that sandblasting with alumina facilitates the embedding of alumina particles in the titanium surface, causing microcracks and reducing the bond strength of both the titanium and porcelain 29, 30) .
In the present study, we examined the effects of porcelain bond strengths on tribochemical silica-coated CAD/CAM pure titanium. Zinelis et al. reported that the bonding agent of initial Ti effectively controlled the oxidized layer, although a thick oxidized layer was observed on titanium surface depending on the type of bonding agent 36) . Also, the results of the present study demonstrated that the bonding agent of initial Ti might effectively controlled the excessive oxidation of titanium.
Haag et al. reported that there were no significant differences between the bond strength of titanium and porcelain with and without thermo-cycling 21) . Therefore, thermo-cycling did not be conducted in this study.
Element analysis of fracture surfaces was conducted to investigate fracture pattern. The Si-detected areas corresponded to the areas with residual porcelain observed with the naked eye and the dark areas on the BSE image ( Figs. 3-a, b , e, and f). Thus, the Si detected on the fracture surface is derived from porcelain, suggesting that the cohesive failure of porcelain might have occurred in the Si-detected areas.
Some areas in both groups were devoid of both Si and La, indicating titanium exposure because neither porcelain nor bonding agent was present on the surface.
In the present study, black areas were observed in the fracture surface after testing in the silicacoating with bonding agent group, suggesting slight titanium exposure ( Fig. 3-h ). However, cohesive failure of porcelain accounted for the majority of the fracture surface, suggesting a small area with Si of the silicon layer peeled off from the titanium surface. Kern and Thompson reported that Si remains on the surface of tribochemical silica-coated titanium after ultrasonic cleaning, suggesting that Si is tightly bound to the titanium surface 26) . Thus, we presumed that the silica layer was firmly bound to the titanium surface after porcelain firing.
Oka et al. reported that sodium, silicon, calcium, and barium in porcelain diffuse into titanium oxide during porcelain firing 37) . These elements form complex oxides with titanium that become involved in titanium binding to porcelain [36] [37] [38] . Wang et al. used TEM to investigate the bond strength of porcelain to a Si3N4-coated titanium surface, and found that titanium silicide formed at the interface between the titanium and Si 3N4 layer and silicon oxide (SiO2) was formed at the interface with the outer surface where the Si3N4 layer was bound to porcelain 39) .
The cohesive failure ratio of porcelain was significantly higher in the silica-coating with bonding agent group than in the conventional group. This could be explained as element diffusion between the silicon layer and the porcelain and the formation of complex oxides that might have resulted in robust titanium binding to porcelain. King et al. reported that close contact between metal and porcelain was obtained by improving the wetting of the metal surface 40) . In the present study, the titanium exposure rates on the fracture surface after testing were compared, demonstrating a significantly lower rate in the silica-coating with bonding agent group than in the conventional group (Table 3) . Thus, in the silica-coating with bonding agent group, tribochemical silica-coating may have improved the wetting on titanium surface and increased compatibility between titanium and the bonding agent.
Contact angles were measured to examine wetting on the treated surface, contact angle in the silicacoating group was smallest (Table 4 ). Thus, the silicacoated surface might be more hydrophilic than the sandblasted surface. In addition, the contact angle of the silica-coating was less than 10°, suggesting superhydrophilicity on the silica-coated surface.
Nanostructural changes due to improved wetting were examined using an atomic force microscope. Papadopoulos et al. reported that alumina becomes embedded in the titanium surface after sandblasting and forms a rough surface 34) . The present study also found that alumina sandblasting caused irregular undulations on the titanium surface.
Rammelsberg et al. reported that silica-coating was significantly higher bond strength of titanium and porcelain than alumina sandblasting 41) . Surface structure analysis revealed silica-coating surface was different from alumina sandblasting surface. In addition, the foamy structure might have improved bond strength of titanium and porcelain.
Thus, after tribochemical silica-coating, besides deep irregular undulations, regular nanostructures may have been formed by particles with a foamy structure.
Surface wetting, as well as surface chemical properties, is influenced by the fine geometric structure of the surface 42) . Fine, regular grooves on the surface of snail shells range in size from nm to mm, form a fractal structure and render the shell hydrophilic. These structural properties have been industrially applied to develop a nanohydrophilic antifouling technology 43) . The regular silica layer formed by the nanoscopic foamy structure in the silica-coating also formed a fractal structure like that of the snail shell, suggesting that the nanostructure is involved in superhydrophilicity. The foamy particles seemed to be silicon, suggesting that superhydrophilicity was rendered through hydrogen bonding of the hydroxyl group of the silicon to water.
Thus, unlike routine alumina sandblasting, tribochemical silica-coating effectively modified CAD/ CAM pure titanium into a superhydrophilic fractal structure that was involved in improving the bond strength of porcelain.
CONCLUSIONS
This study of the effects of a tribochemical silica-coating on the surface of CAD/CAM pure titanium and the bond strength of porcelain found the following.
1. Silica-coating results in a nanoscopic regular foamy structure that renders the surface of CAD/ CAM pure titanium superhydrophilic, which is clearly different from the irregular surface generated by alumina sandblasting. 2. Silica-coating combined with a bonding agent can significantly improve the bond strength of CAD/ CAM pure titanium and porcelain.
